Abstract We analysed the combined Greenwich (1874Greenwich ( -1976 and Solar Optical Observatories Network (1977 -2011 ) data on sunspot groups. The daily rate of change of the area of a spot group is computed using the differences between the epochs of the spot group observation on any two consecutive days during its life-time and between the corrected whole spot areas of the spot group at these epochs. Positive/negative value of the daily rate of change of the area of a spot group represents the growth/decay rate of the spot group. We found that the total amounts of growth and decay of spot groups whose life times ≥ 2 days in a given time interval (say one-year) well correlate to the amount of activity in the same interval. We have also found that there exists a reasonably good correlation and an approximate linear relationship between the logarithmic values of the decay rate and area of the spot group at the first day of the corresponding consecutive days, largely suggesting that a large/small area (magnetic flux) decreases in a faster/slower rate. There exists a long-term variation (about 90-year) in the slope of the linear relationship. The solar cycle variation in the decay of spot groups may have a strong relationship with the corresponding variations in solar energetic phenomena such as solar flare activity. The decay of spot groups may also substantially contribute to the coherence relationship between the total solar irradiance and the solar activity variations.
Introduction
Solar activity affects us in many ways. Flares and coronal mass ejections pose a serious hazard to astronauts, satellites, polar air-traffic, electric power grids and telecommunications facilities on short time-scales ranging from hours to days. The solar radiative output affects planetary and global climate on much longer time-scales (from decades to stellar evolutionary timescales). The study of varitions in solar activity is important for understanding the underlying mechanism of solar activity and for predicting the level of activity in view of the activity impact on space weather and global climate (Hathaway 2009) .
Recently, (Javaraiah 2011a , hereafter Paper-1), using the combined Greenwich (May/1874 to 1976) and Solar Optical Observatories Network (1977 -2009 ) data on sunspot groups, we studied the long-term variations in the daily mean percentage growth and decay rates of sunspot groups. Two of the main results found from this study are: (i) From the beginning of Cycle 23 the growth rate is substantially decreased and near the end (2007 -2008 ) the growth rate is lowest in the past about 100 years. (ii) In the extended part (beyond the length of the declining part of a normal cycle) of the declining phase of this cycle, the decay rate steeply increased and it is largest in the beginning of the current Cycle 24. These unusual properties of the growth and the decay rates during Cycle 23 may be related to cause of the very long declining phase of this cycle with the unusually deep and prolonged current minimum. However, no significant correlation was found either between spot group growth rate and sunspot number or between the latter and spot group decay rate. The patterns of variations in the growth and decay rates are found to be considerably different in different cycles. In fact, the mean percentage growth rate of the spot groups in the declining phases of some cycles is found to be considerably large and the mean percentage decay rate of the spot groups in the rising phases of some cycles is found to be considerably large (see . In the present paper we showed that the annual amounts of growth and decay of spot groups well correlated to the annual amount of activity and discussed the implications of this result on the solar cycle variation of the solar energetic phenomena such such as solar flares and that of the total solar irradiance (TSI). We have also studied the dependence of the growth and decay rates of the spot groups on their sizes. Such a study may help for understanding the underlying mechanism of the emergence/growth and decay of magnetic flux.
In the next section we describe the methodology and the data analysis. In Section 3 we present the results. In Section 4 we draw conclusions and briefly discuss the implications of them.
Methodology and data analysis
Here we have used the combined Greenwich (May/1874 to December/1976) and Solar Optical Observation Network (SOON) (January/1977 to May/2011) sunspot group data, which are taken from David Hathaway's website, http://solarscience.msfc.nasa.gov/ greenwich.shtml. These data included the observation time (the Greenwich data contain the date with the fraction of the day, in the SOON data the fraction is rounded to 0.5 day), heliographic latitude and longitude, central meridian distance (CMD), and corrected umbra and whole-spot areas (in millionth of solar hemisphere, msh), etc., of the spot groups for each day of observation. The positions of the groups are geometrical positions of the centers of the groups. In case of SOON data, we increased area by a factor of 1.4. David Hathaway found this correction was necessary to have a combined homogeneous Greenwich and SOON data (see aforementioned web-site of David Hathaway). The area of a spot (or spot group) is closely connected with the magnetic flux of the spot (or spot group). The 130 msh area ≈ 10
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Mx magnetic flux (e.g., see Wang & Sheeley 1989) .
The data reduction and analysis are similar as described in Paper-1. A brief descriptions of them is given here (for details see Paper-1). We have taken all the precautions which were taken in Paper-1. We have used the corrected daily whole-spot areas (umbral value + penumbral value) of spot groups (A). A spot group is included when the observations of it are available for two or more consecutive days. The spot groups having the group numbers with suffix A, B, etc., which are available in the SOON data for some years, are not used in this analysis. However, they are few and many of them found to have zeros for values A. The daily rate of change of the area ( ∆A ∆t ) of a spot group is computed using the differences between the epochs of its observation in consecutive days and between the corrected whole spot areas of the spot group at these epochs. That is,
where t is the epoch of observation during the life-time (T ) of the spot group and n = 2, 3,...., T . The data correspond to only 0.5> ∆t < 2 day are used. Positive and negative values of ∆A ∆t correspond to the daily rates of growth (G) and decay (D) of the spot group, respectively, i.e.,
The sums S G and S D of G and D, i.e. the total amounts of growth and decay of the spot groups in a given time interval, are determined as follows:
where i = 1, 2,....,k and j = 1, 2,....,m; k and m are the number of data points of G and D, respectively, in the interval. We also determined the sum of the areas of spot groups (S A ) in corresponding time interval, S A = A l , i.e., the annual sum of A, where l = 1,2,...,N. N includes all reliable data points (including those correspond to the spot groups which had born and dead within one day, which are available in Greenwich data).
We determined the annual S G and S D and their correlations with annual S A . Obviously more contributions to S G and S D are coming from the spot groups before and after reaching their maximum areas, respectively (see Fig. 1 in Paper-1). It should be noted here S A and S D not only did not include the corresponding contributions of other activity phenomena, they even did not include the corresponding contributions of one-day groups. Therefore, they do not represent the amounts of complete growth and decay of magnetic activity in a given time interval.
To check whether the growth and decay rates of the spot groups depend on the sizes of the spot groups we determined the correlations and the linear/quadratic list-square fit to logarithmic values of G n−1,n and |D n−1,n |, which are derived from A n−1 and A n , and corresponding A n−1 in a given time interval (it should be noted that the values of n are different for the growth and decay rates). The statistical significances of the Table 1) regression relations and the values of correlation coefficients are tested using χ 2 and Student's 't' distributions, F-test, standard error and z-transformation tests (Yule & Kendall 1958) .
Results

S G − S A and S D − S A relations
In Table 1 we have given the annual values of S G , S D and S A . Fig. 1 shows the plots of the normalized annual values of S A , S G and |S D | versus year. It may be worth to note here that in cycle 23 S A has maximum at year 2002. The maximum of the international sunspot number (not shown here) is at 2000. Recently, Ramesh (2010) found that the maximum of coronal mass ejection (CME) is close to that of the sunspot area. Fig. 2 shows the correlations between S G and S A and between |S D | and S A (all these are divided by 10 4 ). These correlations, correlation coefficients r = 0.989 and r = 0.994, are very high (significant on > 99.9 confidence level). The slopes of the corresponding lin-ear relationships are almost equal (0.097 ± 0.001) 1 and are statistically highly significant (the values of Student's 't' are found to high, i.e. the values of their corresponding probabilities are found be close to one). These relations suggest that a larger amount of growth or decay is associated with a larger amount of activity. That is, the amounts of growth and decay of the flux in a given time interval depends on (proportional to) the total amount of flux in that interval. Obviously the amounts of growth and decay of magnetic flux is larger during the maximum epochs than during minimum epochs. During Maunder minimum S A was very low/absent. Hence, S G and S D were also very low/absent.
Decay law
Howard (1992) analysed Mt. Wilson sunspot and sunspot group data during the period 1917 -1985 and found that the daily percentage umbral areas increases for small groups are larger in absolute terms than the percentage umbral areas decreases, and for large groups the daily percentage decreases are larger than increases. Fig. 3 shows the dependence of the decay rate, |D n−1,n |, of a spot group determined from A n−1 and A n i.e., the areas at (n−1)th and nth days during the life time of the spot group, on A n−1 . In this figure the continuous and dashed curves represent the corresponding linear and quadratic fits. The values of the intercept and the slope of the linear fit 2 are 0.26 ± 0.02
1 The S A − S G and S A − S D relations can be written as follows:
It is well believed that large spot groups also live long. In fact, there is a rule of the proportionality of the maximum area (A 0 ) of a sunspot group to its life-time (T) (first plotted by Gnevyshev, 1938 ; and formulated by Waldmeier, 1955 ; see also Petrovay & Van Driel-Getztelyi, 1997):
Incidentally, the right hand sides of (4) and (5) have a value approximately equal to ten, but their units differ (the unit of former is day, whereas the unit of the latter is msh day −1 ). They seem to be independent relations. The (5) represents the average property of a whole individual spot group (it may not applicable to the growth and the decay portions of the spot groups, independently), whereas the (4) represents largely a global property of the solar cycles.
2 It is a power-law, |D n−1,n | ≈ e 0.26 A 0.613 n−1 , suggesting that decay of spot group do not completely depend linearly on the size of the group. It should be noted that the linear decay law is widely accepted as only a simplest approximation (see Petrovay & Van Driel-Getztelyi 1997).
and 0.613 ± 0.002, respectively. Since the number of data points, m = 88490, over the whole period from May/1874 to May/2011 is are very high, the levels of the statistical significances of the values of the coefficients of both the linear and the quadratic fits (whose values are not given here) are very high. The χ 2 value of both the linear and the quadratic fits are found to be insignificant at 5% level. The χ 2 value (68386) of the quadratic fit is found to be slightly less than that (68649) of the linear fit. However, the F-test indicated that no significant difference in the variances of these fits. The correlation between |D n−1,n | and A n−1 is high (r = 0.65) and statistically very significant (i.e., it is about 19 times larger than its standard error (≈ 1 √ m ), and it is also found to significant in z-transform test). This and the linear (or quadratic) relations indicate that a large/small flux decays in a faster/slower rate. This is consistent with the S A − S D relation above.
In order to check the consistency of the aforementioned analysis for small data samples and dependence (if any) of the above found relationship on the solar cycle, we analysed the data of individual cycles and also yearly data as well as binning the data into 3-year moving time intervals (3-MTIs) successively shifted by oneyear. In Fig. 4 , we show the cycle-to-cycle variation in the slope of the linear relation between ln(|D n−1,n |) and ln(A n−1 ) derived from the individual cycles' the whole sphere (disk) data, and also separately from the northern and southern hemispheres' data, of spot groups during each of the cycles, 12 -23. In the same figure we have also shown the variation in the amplitudes of the same cycles (the maximum monthly mean international sunspot numbers which are taken from the website, ftp//ftp.ngdc.noaa.gov/STP/Solar DATA/SUNSPOT NUMBERS). In each cycle the values of the coefficients of both the linear and quadratic laws as well as the value of the correlation coefficient are found to be statistically significant and the F-tests suggest that no significant differences in the variances of the linear and quadratic fits. The ranges of the correlation coefficient (and of the ranges of the corresponding number of data points, i.e., m values) are 0. 592 -0.608 (4547 -11113), 0.582 -0.596 (2033 -6388) , and 0.599 -0.609 (2514 -4725) determined from the whole sphere, northern hemisphere and southern hemispheres' data, respectively, during the cycles 12 -23. In Fig. 4 it can be seen that the slope varies on a long-time scale of about 90-year, with amplitude of about 0.02 unit. The variation in each hemisphere is very closely resemble to that of the whole sphere. There is a suggestion that in a large number of cycles the slope is steeper in the northern hemisphere than in the southern hemisphere. However, only in cycles 16 and 21 the differences between the values of the northern and southern hemispheres are somewhat large and statistically significant. Fig. 5 shows the relationship between |D n−1,n | and A n−1 in Cycle 16. The patterns of these relations are closely resemble to that derived from for the whole 138 year data (cf., Fig. 3 ). The aforementioned difference in the slopes between northern and southern hemisphere during Cycles 16 and 21, i.e., in a gap of about 5 cycles, may be related to a 44 -55 year cycle in solar activity (Yoshimura & Kambry 1993; Javaraiah 2008) .
The value (it is only 0.08) of the coefficient of the correlation between the sunspot activity (amplitude of the cycle) and the slope is found to be negligible. During the 90-year cycle (Gleissberg cycle) in the sunspot activity there are many relatively small time-scale strong fluctuations, whereas there are no such fluctuations during the 90-year cycle in the slope. However, there is a close agreement in the epochs of the maxima and the minima of these cycles of the slope and the cycle amplitude (the phase shift between these is not clear in Fig. 4 ). This may suggest the existence of a relationship between the long-term variations in the slope and the sunspot activity. Fig. 6 shows the variations in the slope and the correlation coefficient determined from the data in 3-year MTIs 1874 -1876, 1875 -1877, ...., 2009 -2011 . In order to check the solar cycles trends in these parameters, in this figure we have also shown the variation in the international sunspot number smoothed by taking 3-year running average. Only a few of these values of the slopes shown in this figure are statistically insignificant. That is, in many intervals the values of χ 2 are found to be insignificant at 5% level, and the Student's 't' tests suggest that the significant levels of the corresponding values of the correlation coefficient are also good (Note: the big jump of the correlation coefficient from the interval 1977 to 1978 (the high values from 1978 onward) could be just an artifact of the multiplication of the area values of the SOON data with 1.4, in order to have a continuous and homogeneous data for the whole period 1874 -2011 (cf., Sec. 2). As can be seen Fig. 6(a) the values of the slopes are considerably low near the declining ends of small cycles (12, 16 and 23), particularly in the end of Cycle 23 the slope is smallest in the last about 100 years (which may be related to the unusually low and prolonged recent activity minimum). The long-term (90-year cycle) variation seen in the cycle-to-cycle variation (Fig. 4) can also be seen in Fig. 6(a) . We have used the 3-MTIs for the sake of better statistics, but the aforementioned patterns is also seen in the yearly data (figure is not shown here), in spite of the large uncertainties in the yearly values.
We would like to point out that the statistical significances of all the regression relations are tested by Student's 't' tests also. In all the cases the values of 't' are found to be high, i.e., the values of their corresponding probabilities are found to be close to one (for example, the interval 2008 -2010 has the smallest number of data points N = 163. In this case the value of 't' is found to be 7.375, whereas the cutoff value for the five percent significance level is only 1.654 and for one percent level it is 2.35). Fig. 7 shows the plots of the mean slope values in 3-MTIs-i.e., the data shown in Fig. 6(a) -versus the year of the solar cycles, 11 -24 (data are available only for four years of Cycle 11 and only for 3 years of Cycle 24). As can be seen in this figure, the pattern of the mean variation of the slope (the closed circle-solid curve) suggests a slight increasing trend during the rising phases and a slight decreasing trend during the decay phases of a majority of the solar cycles. However, the overall spread in the data points is very large, particularly in the beginnings and the endings of the cycles. That is, the variations during the different solar cycles highly differ from the mean pattern, indicating the ≈ 11-year periodicity is very weak/absent in the slope.
Overall we find that the relationship |D n−1,n | and A n−1 is reasonably consistent and reliable even in the cases of the relatively small samples. It may be worth to note here that the average size of the spot groups considerably varies during a cycle. It also differs from cycle-to-cycle. Therefore, the temporal variation in the slope of the linear relationship may be mainly due to the dependence of the decay rate on the size/lifetime of the spot groups.
We repeated all the above calculations for growth rate. The correlation between the growth rate, G n−1,n , and the corresponding A n−1 is found to be low, r = 0.39, for the whole period data (with 60087 points). But it is still found to be statistically significant from the above used all the significance tests (it should be noted that the values of n is different for the growth and decay rates). However, the correlation determined from the data of an individual cycle is found to be still small and statistically insignificant. Thus, the relationship between G n−1,n and A n−1 is considerably inconsistent. Hence, it is not shown here. There is also a considerable spread in Figs. 3 and 4 . Therefore, even the relationship between |D n−1,n| and A n−1 found above, is only suggestive rather than compelling.
Conclusions and discussion
We analysed a large and reliable sunspot group data and found that the total amounts of growth and decay of spot groups whose life times ≥ 2 days in a given time interval (say one-year) well correlate to the amount of activity in the same interval. We have also found that there exist a reasonably good correlation and an approximate linear relationship between the logarithmic values of the decay rate and area of the spot group at the first day of the corresponding consecutive days, largely suggesting that a large/small area (magnetic flux) decreases in a faster/slower rate. There exists a long-term (about 90-year) variation in the slope of this relationship.
The growth of spot groups (enhancement of magnetic flux) may have a large contribution from the emergence of new magnetic flux. Hence, the growth of spot groups may be mostly related to the generation mechanism of solar activity, whereas for the decay process magnetic reconnection may be the main mechanism. Magnetic reconnection is believed to be the main mechanism behind the solar energetic phenomena such as the solar flares, coronal mass ejection, etc.. Thus, the solar cycle variation in the decay of spot groups may have significant roles in the corresponding variations in the solar energetic phenomena, particularly solar flares which are mainly originate at sunspot locations.
The relationship (4) (see foot note of the S G − S A and S D − S A relations in Sec. 3.1) largely implies a change in the topology of surface magnetic flux in every 10 days, which is consistent with the following results/inferences: Howard & LaBonte (1981) analysed Mt. Wilson magnetograph data during the period 1967 to mid-1980 and found that the rate at which the magnetic flux appears on the Sun is sufficient to create all the flux that is seen at the solar surface within a period of about 10 days. The magnetic structures of the sunspot groups may rise from near the bottom of the convention zone to the surface in about 10 days (Javaraiah & Gokhale 1997) .
In addition, a ≈ 10-day periodicity seems to be predominantly present in the solar surface differential rotation, total solar irradiance (TSI), solar coronal holes, solar wind, auroral electron power, and geomagnetic parameters (see Javaraiah 2011b, and references therein), all these may be related to the topology of the Sun's surface magnetic field.
It is known that TSI varies by about 0.1% over the solar cycle. A number of statistical models of TSI variability have been constructed on the basis of inhomogeneities of surface magnetic field. These models helped to identify the surface magnetic structures are responsible for the variation of TSI and also provided widely accepted theoretical explanations. According to these models, the dominant part of the TSI variations on time scales longer than about a day is caused by the evolution of solar surface magnetic features. However, the exact mechanism behind the TSI variation is not known (Foukal 1992; Kuhn 1999; Solanki et al. 2005; Domingo et al. 2009) .
TSI is well correlating with the solar activity (for example with sunspot number) and during the current unusually low and prolonged minimum TSI also seems to be unusually low (Fröhlich 2009). Sunspots and faculae act in opposite to modulate TSI (Lean 1988; Krivova et al. 2011) . That is, sunspots depress the solar energy output, whereas faculae enhance it. However, the exact reason for the correlation between solar activity and TSI is not yet known.
The growth and decay of sunspot groups play key roles in the TSI variations (Wilson et al. 1981) . The growth of spot groups may enhance the blocking of the energy output. The decay may enhance the energy output and mostly responsible for TSI to correlate with sunspot activity, i.e., for the coherent relationship between the activity and TSI variations. Besides the convection, the merdional flows may play significant roles in the magnetic reconnection, hence in the decay of spot groups (in general all kinds of active regions). Table 1 and divided by 10 4 ). The Solid line represents the corresponding linear relationship and the value of the corresponding correlation coefficient (r) is also shown Fig. 3 Plot of ln(|Dn−1,n|)) versus ln(An−1). Dn−1,n and An−1 (cf., 1 and 2) are determined from the data during the whole period 1874 -2011 (it should be noted that the values of n is different for the growth and decay rates). The continuous and dashed curves represent the corresponding linear and quadratic fits, receptively 
